We report the detection of the Zeeman effect in the 44 GHz Class I methanol maser line toward the star forming region DR21(OH). In a 219 Jy beam −1 maser centered at an LSR velocity of 0.83 km s −1 , we find a 20-σ detection of zB los = 53.5 ± 2.7 Hz. If 44 GHz methanol masers are excited at n ∼ 10 7−8 cm −3 , then the B vs. n 1/2 relation would imply from comparison with Zeeman effect detections in the CN(1 − 0) line toward DR21(OH) that magnetic fields traced by 44 GHz methanol masers in DR21(OH) should be ∼10 mG. Together with our detected zB los = 53.5 Hz, this would imply that the value of the 44 GHz methanol Zeeman splitting factor z is ∼5 Hz mG −1 . Such small values of z would not be a surprise, as the methanol molecule is non paramagnetic, like H 2 O. Empirical attempts to determine z, as demonstrated, are important because currently there are no laboratory measurements or theoretically calculated values of z for the 44 GHz CH 3 OH transition. Data from observations of a larger number of sources are needed to make such empirical determinations robust.
INTRODUCTION
Class I methanol (CH 3 OH) masers are excellent signposts of high mass star forming regions. They are generally found in outflows where the collisional shocks pump the maser transitions (see, e.g., Leurini, Menten, & Walmsley 2016) . The Zeeman effect in Class I CH 3 OH masers offers unprecedented opportunities for measuring magnetic field strengths at high angular resolution in such star forming regions. It has long been acknowledged that magnetic fields must play an important role at various stages in the star forming process, but the nature of their role remains a matter of debate (see, e.g., Masson et al. 2016 , and references therein). Observations of magnetic fields in a range of environments are critical to provide useful inputs to theory (see, e.g., Crutcher 2012 , and references therein). DR21(OH) is a massive star formation region located in the Cygnus-X molecular cloud complex (see, e.g., Odenwald & Schwartz 1993; Motte et al. 2007 ). Recent astrometric maser measurements put it at a distance of 1.50 kpc (Rygl et al. 2012) . It is embedded in a 4 pc long filament that extends along the north-south direction. Herschel observations by Hennemann et al. (2012) show several dense high mass star forming cores in this filament, including at the location of DR21(OH). On large scales, single dish polarimetric observations with the James Clerk Maxwell Telescope (JCMT) at 850 µm and 20 ′′ angular resolution reveal uniform plane-of-sky magnetic fields that are oriented along the east-west direction, perpendicular to the filament (Matthews et al. 2009 ). However, high angular resolution (∼ 1 ′′ ) polarimetric observations of the DR21(OH) core taken with the Smithsonian Millimeter Array (SMA) at 850 µm reveal a complex magnetic field morphology in the plane of the sky, suggestive of a toroidal configuration (Girart et al. 2013) . Indicators of ongoing star formation in DR21(OH) include strong outflows in CO and other molecular lines, and maser lines of several molecules (see, e.g., Zapata et al. 2012 , and references therein). Kogan & Slysh (1998) observed 44 GHz Class I CH 3 OH masers in DR21(OH) and found them to be distributed in two elliptically-shaped regions. Kurtz et al. (2004) detected 17 such CH 3 OH maser spots at 44 GHz in two arc-shaped structures arranged symmetrically about a central source, suggestive of a bipolar outflow along the east-west direction. Araya et al. (2009) detected a total of 49 Class I CH 3 OH maser spots at 44 GHz in DR21(OH), and found that the masers in both the eastern and western lobes are distributed in not one, but two arc-like structures. The redshifted masers are located predominantly in the western lobe, whereas blueshifted masers are predominantly in the eastern lobe (Araya et al. 2009 ).
In this paper, we report the detection of the Zeeman effect in the 44 GHz Class I CH 3 OH maser line toward DR21(OH). In § 2, we present details of the observations and data reduction. In § 3 we describe the analysis of the data, including the use of the new tool ZEMAN in AIPS for Zeeman effect data analysis. The results of our observations are presented and discussed in § 4. In § 5, we present our conclusions.
OBSERVATIONS AND DATA REDUCTION
The observations of the 7 0 − 6 1 A + Class I CH 3 OH maser emission line at 44 GHz toward DR21(OH) were carried out with the Karl G. Jansky Very Large Array (VLA) 1 on 2012 April 25 in two consecutive 2 hr sessions. The array was in C-configuration with a maximum baseline of 3.4 km. The Wideband Interferometric Digital ARchitecture (WIDAR) correlator was configured to deliver a single 1 MHz sub-band with dual polarization products (RR, LL) and 256 spectral channels. The resulting channel spacing was 3.90625 kHz, which corresponds to 0.0266 km s −1 at the observed frequency. In addition to the target source, the calibrator J1331+3030 (3C286) was observed to derive the antenna-based amplitude gain factors in order to calibrate the absolute flux density scale. The uncertainty in the flux density calibration at the observed frequency, accounting for various observational parameters (e.g., weather, reference pointing, and elevation effects), is expected to be up to 10%. Table 1 summarizes the parameters of our VLA observations. Data reduction, including calibration, deconvolution and imaging, was carried out using the Astronomical Image Processing System (AIPS; Greisen 2003) . After Doppler correcting the spectral-line data of DR21(OH), the frequency channel with the brightest maser emission signal was split off, and self-calibrated first in phase, then in both phase and amplitude, and imaged in a succession of iterative cycles. The final self-calibration solutions were applied to the full spectral-line data set of DR21(OH). Stokes I and V image cubes were constructed with a synthesized beamwidth of 0
′′
. 63 × 0
. 50 at full width half maximum (FWHM) and at a position angle of 75.3
• .
ANALYSIS
The magnetic field strength in Zeeman effect observations is usually determined by fitting a numerical frequency derivative of the Stokes I spectrum to the Stokes V spectrum. The method has been described in detail most recently in Sarma et al. (2013) , but here we repeat the key points. For historical reasons, AIPS calculates the Stokes parameters as I = (RCP + LCP)/2, and V = (RCP − LCP)/2, where RCP is right-circular polarization and LCP is left-circular polarization; we use the standard radio definition of RCP as a clockwise rotation of the electric vector when viewed along the direction of wave propagation. All quoted values of I and V in this paper refer to the AIPS-generated values defined above; even though I and V are both different by a factor of 1/2 from the conventional definition of Stokes I and V , this does not affect Zeeman effect results since only the relative magnitudes of V and I matter, as discussed below. When the Zeeman splitting is much smaller than the width of the line (∆ν Z ≪ ∆ν), the Stokes V profile is usually fit to the equation (Troland & Heiles 1982; Sault et al. 1990 )
since the observed V spectrum may contain a scaled replica of the I spectrum as a result of small calibration errors in RCP versus LCP. For the detection reported in this paper, the fit parameter a that represents the scaled replica of the I profile in the V profile is 10 −3 . The fit parameter b = zB cos θ, where B is the magnetic field strength, θ is the angle of the magnetic field to the line of sight, and z is the Zeeman splitting factor for CH 3 OH. For all cases where the Zeeman splitting is much smaller than the linewidth, we can only determine the line of sight magnetic field strength, B los = B cos θ. Moreover, the Zeeman splitting factor z has never been measured for the 44 GHz CH 3 OH transition. Extrapolation of the Landé g-factor from lab measurements of several CH 3 OH transitions near 25 GHz made by Jen (1951) could certainly be used to make an estimate of z for the 44 GHz CH 3 OH maser transition. However, such an extrapolation usually gives a value for the magnetic field that is at least an order of magnitude larger than expected (see, e.g., Vlemmings et al. 2011; Momjian & Sarma 2012) . Therefore, we will leave our results in terms of zB los (in units of Hz).
The numerical frequency derivative of Stokes I was fitted to Stokes V using the newly available AIPS task ZE-MAN (Greisen 2015) . The advantage of this task is that it allows multiple Gaussian components in I to be fitted simultaneously to V with different values of b. In other words, each Gaussian component can be fitted for a different B los value. The fitting of Gaussian components in I was carried out using the AIPS task XGAUS, to which several interactive enhancements have been added recently (Greisen 2015) . In summary, AIPS now provides the full capability for an end-to-end processing of Zeeman observations. Also convenient is that publication quality figures such as those presented in this paper can be generated in AIPS using the new task XG2PL. Figure 1 shows the Stokes I profile toward the 44 GHz Class I CH 3 OH maser in DR21(OH) in which we detected significant Zeeman splitting. We fitted two Gaussian components to the Stokes I profile. The intensity, center velocity, and full width at half maximum (FWHM) velocity linewidth of these two components are given in Table 2 . Figure 1 also shows the two fitted Gaussian components (blue and green curves; components 1 and 2 in Table 2 Table 2 ), scaled by zB los = 53.5 ± 2.7 Hz, and the green curve in the lower panel is the derivative of the green-colored Gaussian component in the upper panel (component 2 in Table 2 ), scaled by zB los = −9.2 ± 9.3 Hz. This means that the blue-colored component shows a significant Zeeman detection at the level of 20-σ, whereas there is no significant detection in the green-colored component. By convention, a positive value for B los means that the line of sight magnetic field is pointing away from the observer. We have chosen to leave our results in zB los , because the value of z for the 44 GHz transition of CH 3 OH has not been measured so far (but see § 3). For clarity, we have shown the sum of the two components in a separate figure; Figure 3 also shows the Stokes I and V profiles as shown in Figure 2 , but this time with the sum of the Gaussians overlaid on I (upper panelred curve) and the sum of the appropriately scaled derivatives of I overlaid on V (lower panel -red curve). It is clear in Figure 3 that the right wing of the Stokes V profile (1.0-1.3 km s −1 ) is systematically displaced from the profile of the scaled derivative. One reason for this discrepancy could be the third low-level component in Stokes I mentioned above that is likely present between 1.0-1.3 km s −1 . It is possible that this low-level feature is systematically affecting the Stokes V profile. Another possibility is that the Stokes V profile has undergone narrowing so that it is no longer strictly proportional to the derivative of the Stokes I profile. Such narrowing was also observed and discussed by Vlemmings et al. (2001) . In such cases, derived B-fields could be off by a factor of 2, as estimated by Vlemmings et al. (2001) .
RESULTS AND DISCUSSION
Our detection of the Zeeman effect in DR21(OH) is in the second strongest 44 GHz CH 3 OH maser spot within the field and the velocity span of our observations. Our observations were aimed at detecting the Zeeman effect in such masers following the initial discoveries in the 36 and 44 GHz Class I CH 3 OH masers (Sarma & Momjian 2009; Momjian & Sarma 2012) . Therefore, we carried out the observations by maximizing the amount of time on the target source within the observing sessions to secure detections in Stokes V . As a result, we did not spend time on phase calibrator scans to get absolute positions for the masers. We were, however, able to find absolute positions for the masers by doing fringe-rate mapping on the strongest maser in the field (323 Jy beam −1 ) using the AIPS task FRMAP. The positions of the 24 maser spots (≥ 0.3 Jy beam −1 ) that we detected in DR21(OH), together with their intensities, center velocities, and velocity linewidth at FWHM are listed in Table 3 . The distribution of the 24 maser spots in our observations listed in Table 3 indicates that we have recovered the double arc structure in the redshifted western lobe described in Araya et al. (2009) . Note that our velocity coverage would not have allowed us to detect any of the masers in the blueshifted eastern lobe. Of interest is that our strongest maser is in the inner arc of the western lobe, whereas the strongest maser in Araya et al. (2009) was in the outer arc. There is reasonable agreement in position between their strongest maser (labeled as maser 3 in their paper) and the second strongest maser in our observations (i.e., the maser in which we have the Zeeman detection), and likewise, their second strongest maser and our strongest maser also agree in position. However, there appears to be a mismatch of about 0.5 km s −1 in center velocities between our observations and those of Araya et al. (2009) ; note that their channel width, which is 0.66 km s −1 , is significantly coarser compared to our observations. Such discrepancies preclude a direct comparison of intensities between their observations and ours, and raise the necessity for a coordinated interferometric study of the variability of Class I CH 3 OH masers, which to our knowledge has not been carried out so far. We did not detect the Zeeman effect in the strongest maser (∼300 Jy beam −1 ) in our observations. This is not entirely surprising given how complex the plane-of-sky magnetic field is known to be in the DR21(OH) core from polarimetric observations (Girart et al. 2013) . Our strongest maser is located about 11 ′′ from the second strongest maser in which we detected the Zeeman effect, and the SMA polarimetric observations of Girart et al. (2013) reveal plane-of-sky magnetic field vectors rotated by 90
• over 10 ′′ scales. Therefore, it is easy to imagine the field having a component along the line of sight at the position of our second strongest maser in the outer arc of the western lobe and changing direction so that it has no line of sight component at the position of our strongest maser 11 ′′ away. All the other masers in our observations are under 20 Jy beam −1 , and lack the sensitivity to detect the Zeeman effect. In all Zeeman observations, it is worth considering whether the detected signal could be due to non-Zeeman effects. Instrumental effects can become an issue in extended sources where a velocity gradient across the source could mimic a Zeeman detection, especially in single dish observations. Such a possibility appears unlikely in maser observations with interferometers since masers are point sources that are confined to a narrow velocity range. If the detected signal were a false one due to instrumental polarization, especially when the source is off the peak of the primary beam, then such a signal would be dependent on the parallactic angle. Therefore, the most effective way to check for such false signatures of instrumental polarization is to check for consistent results from multiple sessions that span a range of parallactic angles. Since our observations were carried out in two sessions that cover different parallactic angles, we examined separately the Stokes V profile from each session, and we found our results to be consistent between sessions. Moreover, Momjian & Sarma (2012) measured the Zeeman effect in the 44 GHz Class I CH 3 OH maser line toward OMC-2 before and after the new correlator was installed at the VLA, and got the same result for zB los , despite a change in the maser intensity. Therefore, the observed Stokes V profile is likely not due to instrumental effects. Besides instrumental effects, however, there are other possibilities for non-Zeeman contributions to the Stokes V profile. Wiebe & Watson (1998) found that strong linearly polarized maser radiation, together with changes in the orientation of the magnetic field along the line of sight, can produce circular polarization that is, in practice, indistinguishable from that produced by the Zeeman effect. To date, there are no linear polarization measurements of 44 GHz CH 3 OH masers in the literature. Wiesemeyer et al. (2004) observed the polarization of CH 3 OH masers at mm wavelengths (84.5 to 157 GHz) and found linear polarization as high as 40% in one of their sources. Absent measurements of the linear polarization of 44 GHz CH 3 OH masers, we cannot rule out that linear polarization is responsible for the observed Stokes V profile. However, if linear polarization were responsible, it appears unlikely that it would be converted to circular polarization for the second strongest maser in our field but not the strongest maser. Another issue was described by Houde (2014) , who found that observed antisymmetric and symmetric spectral profiles in SiO masers can arise when the maser radiation scatters off populations of foreground molecules located outside the velocity range covered by the maser. Due to this, the magnetic fields traced by SiO masers are likely much smaller than what would result from a Zeeman interpretation of their observed Stokes V profiles. If future measurements of the Zeeman splitting factor for methanol masers suggest fields that are much larger than plausible, studies of the applicability of the phenomenon discussed by Houde (2014) to Class I CH 3 OH masers would be important to consider. Finally, another potential issue described in Vlemmings et al. (2011) is that a rotation of the axis of symmetry for the molecular quantum states could cause an intensity-dependent circular polarization that could be mistakenly attributed to a Zeeman splitting. This happens when the maser stimulated emission rate R becomes larger than the Zeeman frequency shift gΩ. In our observation of DR21(OH), gΩ ≈ 50 s −1 . The stimulated emission rate, as written by Vlemmings et al. (2011) is
where A = 0.392 × 10 −6 s −1 is the Einstein coefficient for the 44 GHz CH 3 OH maser transition (Cragg et al. 1993 ), T b is the maser brightness temperature, ∆Ω is the maser beaming solid angle, ν = 44069.488 MHz is the frequency of the maser transition, k is the Boltzmann constant, and h is the Planck constant. For the 44 GHz CH 3 OH maser in which we have detected the Zeeman effect in DR21(OH), we get T b = 4.2 × 10 6 K, and from Slysh & Kalenskii (2009), we calculate ∆Ω = 2.0 × 10 −2 . Putting all this information in equation (2), we obtain R ≈ 10 −3 s −1 . Therefore, it is clear that R ≪ gΩ, implying that such a non-Zeeman contribution to the observed splitting is unlikely. Moreover, this effect would cause an intensity-dependent polarization, but our strongest maser does not show a Zeeman effect.
From observations of the Zeeman effect in the CN(1−0) line, Falgarone et al. (2008) measured B los = 0.36 and 0.71 mG in the 1.4 mm sources MM1 and MM2 (Woody et al. 1989) in DR21(OH), in which the molecular hydrogen densities are n ∼ 1.7 × 10 5 cm −3 . We can use their magnetic field strengths and density, together with the predicted densities for 44 GHz Class I CH 3 OH masers, to estimate a value for B los in the 44 GHz line if the B ∝ n 1/2 relation from Crutcher (1999) applies for Class I CH 3 OH masers. Recently, Leurini et al. (2016) found that bright Class I methanol masers are pumped in high-density regions, corresponding to n ∼ 10 7−8 cm −3 . Using all of the above information in the B ∝ n 1/2 relation, we find that magnetic field strengths traced by 44 GHz Class I masers should be in the range of 9-17 mG if the 44 GHz CH 3 OH masers are excited at n ∼ 10 8 cm −3 , or as low as 3-5 mG for n ∼ 10 7 cm −3 . Meanwhile, Houde et al. (2016) applied a dispersion analysis to polarimetry data observed with the Combined Array for Research in Millimeter Astronomy (CARMA) by Hull et al. (2014) and found the plane of sky magnetic field strength in DR21(OH) to be ∼1.2 mG. If n ∼ 2×10 6 cm −3 in these regions (Houde et al. 2016) , then the B ∝ n 1/2 relation would imply that the magnetic field strengths traced by 44 GHz Class I CH 3 OH masers are in the range of 3-9 mG if such masers are excited at n ∼ 10 7−8 cm −3 . While it is possible that the B ∝ n 1/2 relation might not hold in shocked regions, line of sight magnetic field strengths ∼ 10 mG are certainly plausible in such regions. Using our measured value of zB los = 53.5 Hz would then imply a Zeeman splitting factor of z ∼ 5 Hz mG −1 for the 44 GHz methanol line. Such small values of z ∼ 5 Hz mG −1 would not be surprising because the CH 3 OH molecule is non paramagnetic, like H 2 O. For comparison, z = 2.1 Hz mG −1 for the 22 GHz H 2 O maser line (Nedoluha & Watson 1992; Sarma et al. 2001) ; such values for H 2 O and CH 3 OH are a factor 10 3 smaller than z = 2.8 Hz µG (i.e., 2800 Hz mG −1 ) for the 21 cm atomic hydrogen line. Of course, this is only an empirical attempt to determine z, and we need more data points in light of the fact that there are no lab measurements or theoretically calculated values of z for the 44 GHz CH 3 OH transition.
If B los ∼10 mG in these shocked regions, then the magnetic energy density given by B 2 /8π is ∼ 1 × 10 −5 ergs cm −3 , where we have used B 2 = 3B 2 los from Crutcher (1999) . Meanwhile, the (thermal plus turbulent) kinetic energy density is given by (3/2) mnσ 2 , where m = 2.8 m p assuming 10% He, and m p is the proton mass. The velocity dispersion σ is related to the linewidth ∆v by σ = ∆v/(8 ln 2) 1/2 . To judge the relevance of the magnetic field, it is best to use a value of ∆v that is larger than the 0.5 km s −1 we get from the CH 3 OH masers, e.g., ∼5 km s −1 measured in the millimeter lines of methanol (at 218 GHz) by Zapata et al. (2012) . With ∆v ∼5 km s −1 in regions with n = 10 8 cm −3 , the kinetic energy density is 3 × 10 −5 ergs cm −3 . That would imply that the magnetic energy density is comparable to the kinetic energy density. Therefore, the magnetic field would have a significant role in the dynamics of these shocked regions even if their densities were as high as 10 8 cm −3 . Of course, we have to be careful not to get into a circular argument. The comparison of magnetic and kinetic energy densities above has only been made to check for plausibility of the derived field value if the value of z were found to be ∼ 5 Hz mG −1 , as we have determined by the empirical method described above.
CONCLUSION
We have detected the Zeeman effect in the 44 GHz Class I CH 3 OH maser line toward the star forming region DR21(OH). Toward the second brightest maser in DR21(OH), we find zB los = 53.5 ± 2.7 Hz. We have left our result in terms of zB los because the Zeeman splitting factor z has never been measured for the 44 GHz transition of CH 3 OH. The distribution of the 24 masers that we detected reveals the double arc structure in the redshifted western lobe reported by Araya et al. (2009) . The maser in which we have detected the Zeeman effect is located in the outer arc of this redshifted western lobe, whereas the strongest maser in our observations is located in the inner arc. We did not detect the Zeeman effect in the strongest maser in DR21(OH) which is located 11 ′′ from the second strongest maser in which we detected the Zeeman effect. This is not surprising, given the complex morphology of the plane-ofsky magnetic field as revealed by polarimetric observations with the SMA, in which the plane-of-sky magnetic field vectors were observed to rotate by 90
• over 10 ′′ scales (Girart et al. 2013) . Zeeman effect measurements in the CN (1−0) line (Falgarone et al. 2008) , together with the B ∝ n 1/2 relation from Crutcher (1999) , imply that magnetic field strengths in the 44 GHz Class I CH 3 OH maser regions should be ∼10 mG; this is also the case if we start with plane-of-sky magnetic field strengths determined using a dispersion analysis of polarimetry data (Houde et al. 2016) . Our detected value of zB los then implies that z ∼ 5 Hz mG −1 for the 44 GHz methanol transition; such a small value of z is entirely plausible since the CH 3 OH molecule is non paramagnetic, like H 2 O. The observations reported in this paper, therefore, allow for an empirical determination of z. Such efforts are important because there are currently no laboratory measurements or theoretically calculated values of z for the 44 GHz CH 3 OH transition, but data from observations of a larger number of sources are needed to make such empirical determinations robust.
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c z is the Zeeman splitting factor and B los is the line of sight magnetic field strength. The blue and green curves show the Gaussian components that we fitted to the Stokes I profile (components 1 and 2 in Table 2 , respectively), the red curve shows the sum of the two Gaussian component profiles, and the black dotted curve shows the residuals from the Gaussian fit.
Intensity ( Figure 1 . Again, the blue and green curves in the upper panel show the Gaussian components that we fitted to the Stokes I profile (components 1 and 2 in Table 2 , respectively). The blue curve in the lower panel is the derivative of the blue-colored Gaussian component in the upper panel, scaled by zB los = 53.5 ± 2.7 Hz, and the green curve in the lower panel is the derivative of the green-colored Gaussian component in the upper panel, scaled by zB los = −9.2 ± 9.3 Hz.
Intensity ( Figure 1 and 2) that we fitted to the Stokes I profile. The red curve superposed on the Stokes V curve in the lower panel is the sum of the blue-and green-colored curves shown in the lower panel of Figure 2 ; that is, it is the sum of the scaled derivatives of the Gaussian components fitted to the Stokes I profile, where each of the two derivatives has been appropriately scaled by the value of zB los given in Table 2 and also in the caption to Figure 2 .
